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STEMLESS HEMISPHERICAL RESONATOR 
GYROSCOPE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of US. Provisional 
patent application Ser. No. 11/424,323, ?led on Jun. 15, 2006 
now US. Pat. No. 7,281,426, entitled STEMLESS HEMI 
SPHERICAL RESONATOR GYROSCOPE, Which is incor 
porated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to vibrational gyroscopes, 

and more particularly, to high performance stemless hemi 
spherical resonator gyroscopes. 

2. BackgroundArt 
Generally, the present invention is related to coriolis vibra 

tion gyroscopes (CVGs) that typically use resonators made of 
quartz. Such gyroscopes are described, for example, in US. 
Pat. Nos. 4,951,508, 4,157,041, 3,719,074, 3,656,354, 6,357, 
296 and 5,383,362. 
Numerous geometries of vibrational structures are knoWn, 

and these various geometries are commonly used in vibra 
tional gyroscopes. For example, such structures include 
disks, rods, cylinders, hemispheres, etc. The vibrating ele 
ments can be made out of different materials, such as ceram 
ics, glass, quartz, metal, although the use of quartz or fused 
silica is most common. Usually, the best performance is pro 
vided by gyroscopes Whose resonators have a high degree of 
axial symmetry, and the resonator is made of a high-Q mate 
rial. Since fused silica possesses such characteristics as high 
degree of stability of elastic characteristics, and since a hemi 
sphere has the highest degree of axial symmetry of all the 
possible resonator geometries that are commonly used, gyro 
scopes that use hemispherical quartz resonators tend to have 
the highest precision. The Q factor of many such resonators 
can reach several million, While metal resonators rarely have 
a Q factor higher than a feW tens of thousands. 

A CVG can also function as an angular velocity sensor that 
detects rotation in tWo possible modes of operationian 
open-loop mode, and a closed-loop mode. The closed-loop 
mode is also sometimes referred to as a force-rebalance 
mode. The CVG can also function as an integrating gyro 
scope, also knoWn as a “Whole-angle mode,” Which measures 
the angle of rotation of the gyroscope. See D. D. Lynch 
“Standard Speci?cation Format Guide and Test Procedure for 
Coriolis Vibratory Gyros,” September 1998 meeting of the 
IEEE GAP in Stuttgart, Sep. 18-19, 1998. 

In the simplest mode of operation, the open-loop mode, a 
standing Wave is excited in the resonator in one of its modes 
of vibration (the drive mode). Usually, the second vibration 
mode is used, With an amplitude that is maintained constant 
by an automatic gain control system (AGC) . At the same time, 
a standing Wave is produced Within the resonator, Which, in 
the second vibration mode of the resonator, has four nodes 
and four anti-nodes. When the entire vibrating structure 
rotates about its axis, a coriolis force results, given by the 
equation FCI2[Q><V], Where F6 is the coriolis force, Q is the 
angular velocity of the resonator about its axis symmetry, and 
V is the linear velocity (in the radial direction, to and from the 
cylinder center axis). The coriolis force F6 generates vibra 
tions in the sense mode, Which are measured, and Whose 
amplitude is proportional to the angular velocity Q. The spa 
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2 
tial orientation of the tWo modes is 45 degrees relative to each 
other, for the second vibration mode. 
When the CVG Works in the open-loop mode, its band 

Width is directly related to the Q factor of the coriolis vibra 
tion mode, in other Words, to the damping time constant of the 
coriolis vibration mode. When the Q factor is relatively high, 
for example, Q:10000, the bandWidth of the resonator is on 
the order of Af:(rcfc)/Qz1 .5 Hz if the frequency of excitation 
of the resonator fc:5000 Hz. Such a gyroscope can, in prac 
tice, only measure relatively constant angular velocities. Such 
measurements are usually done, for example, using gyrothe 
odolite (a gyro-optical instrument used to measure the azi 
muth ?xed by a theodolite direction) When measuring the 
azimuth of a given direction. 

To increase the bandWidth of the gyroscope, it is necessary 
to ensure that the coriolis mode of vibration damps doWn 
relatively quickly, Which in turn leads to a loWer Q factor of 
the measured vibration mode, and, consequently, to an 
increase in the gyroscope’ s bandWidth. The damping doWn of 
the measured vibration mode is done in the closed-loop mode, 
in other Words, in the force rebalance mode. In this mode, the 
nodal point signal is measured, Which is the same thing as the 
sense mode signal, and a negative feedback signal is gener 
ated, Which compensates for the signal arising in the nodes by 
supplying an anti-phase signal to one of the free nodes or to 
tWo diametrically opposite nodes out of the four nodes. 
Therefore, the measured mode of vibration is also sup 
pressed, leading to a relatively loW Q factor. With a Q factor 
of 100, the bandWidth Would be approximately Af:150 Hz. A 
CVG With such a bandWidth can be used in many inertial 
systems that are mounted on moving objects. 

In the Whole-angle mode, the Coriolis force PC that results 
from the rotation of the resonator converts the energy of the 
vibration from the sense mode into the excitation mode and 
back, Where the superposition of these tWo modes can be 
measured. Also, in this case, the standing Wave in the reso 
nator rotates together With the resonator. The angle of rotation 
of the standing Wave lags behind the angle of rotation of the 
gyroscope by a constant factor, Which is de?ned only by the 
Working vibration mode. For the second mode of vibration, 
the constant factor is approximately 0.32, for the third mode 
of vibration, the constant factor is approximately 0.25. 
The design of the gyroscope that uses a hemispherical 

resonator, as described above, suffers from a number of prob 
lems. One of these problems is the dif?culty in mass-produc 
ing a relatively complex-shaped partithe meniscus-shaped 
resonator With a stem, Which is used for mounting. Such a 
shape is relatively dif?cult to produce in mass quantities. 
Another problem is that due to the complex shape, maintain 
ing perfect axial symmetry of the resonator is extremely 
dif?cult. Typically, during manufacture, the body of the reso 
nator (the hemispherical portion) has thickness mismatches, 
Which require extensive rebalancing and/ or micro -machining 
to eliminate. This raises the cost of the resonator consider 
ably, and increases the manufacturing time. 

Another dif?culty With such conventional gyroscopes is 
the need to use capacitors for generating and detecting the 
vibration modes of the resonator. These capacitors typically 
require a relatively high voltage, on the order of several hun 
dred volts, at times as much as 600 volts. Such high voltages 
are very inconvenient to Work With, particularly Where the 
overall device itself needs to be small. Also, the use of such 
high voltages tends to result in a shorter life span of the 
device, and a faster Wear on the electrical components of the 
device. Note that the disadvantages described above apply to 
both the open-loop and the closed-loop gyroscopes. Another 
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problem is that due to the high voltages involved, the power 
consumption of the device tends to be substantial. 

Accordingly, there is a need in the art for a high precision 
vibration gyroscope that addresses some or all of these prob 
lems. 

BRIEF SUMMARY OF THE INVENTION 

The present invention relates to an improved high precision 
stemless hemispherical resonator gyroscope that substan 
tially obviates one or more of the disadvantages of the related 
art. 

More particularly, in an exemplary embodiment of the 
present invention, a gyroscope includes a piezoelectric ring 
having a central opening, and a hemispherical resonator hav 
ing a central opening and mounted over the opening of the 
central opening of the piezoelectric ring. A plurality of elec 
trodes deliver a voltage to the piezoelectric ring. Another 
plurality of electrodes provide signal readout that corre 
sponds to angular velocity. The hemispherical resonator can 
be glued to the piezoelectric ring. 

In an exemplary embodiment, the hemispherical resonator 
vibrates in the third vibration mode. A plurality of capacitive 
electrodes are located at nodes and at antinodes of the vibra 
tion of the hemispherical resonator, and provide a signal 
readout that corresponds to the angular velocity. The piezo 
electric ring can be segmented, non-segmented, or can 
include an outer segmented portion and an inner non-seg 
mented portion. The inner non-segmented portion can be 
used to excite the resonator into a vibration mode, and the 
outer segmented portion provides a readout signal and is used 
to adjust the vibration of the resonator. The piezoelectric ring 
can include a conductive coating used to conduct excitation 
voltage to the piezoelectric ring. 

Additional features and advantages of the invention Will be 
set forth in the description that folloWs, and in part Will be 
apparent from the description, or may be learned by practice 
of the invention. The advantages of the invention Will be 
realized and attained by the structure particularly pointed out 
in the Written description and claims hereof as Well as the 
appended draWings. 

It is to be understood that both the foregoing general 
description and the folloWing detailed description are exem 
plary and explanatory and are intended to provide further 
explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE 
DRAWINGS/FIGURES 

The accompanying draWings, Which are included to pro 
vide a further understanding of the invention and are incor 
porated in and constitute a part of this speci?cation, illustrate 
embodiments of the invention and together With the descrip 
tion serve to explain the principles of the invention. In the 
draWings: 

FIG. 1 illustrates the third vibration mode of a hemispheri 
cal resonator and the locations of the electrodes at the vibra 
tional nodes. 

FIG. 2 is a schematic shoWing the excitation Wave genera 
tion and the signal readout of the angular velocity for a non 
segmented piezoelectric ring. 

FIG. 3 illustrates the vibrational modes of the non-seg 
mented piezoelectric ring When a periodic voltage is applied 
to it. 

FIG. 4 illustrates the dependency of the amplitude of the 
vibration at the equator of the resonator on the amplitude of 
the voltage applied to the non-segmented ring. 
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4 
FIG. 5 illustrates hoW the excitation Waveform is driven for 

the segmented piezoelectric ring, and the angular velocity 
signal readout. 

FIG. 6 illustrates the nature of the vibration of the seg 
mented ring When a periodic voltage is applied to it. 

FIG. 7 illustrates the dependency of the vibration at the 
hemisphere equator on the amplitude of the voltage applied to 
the segmented ring. 

FIG. 8 illustrates a diagram for controlling the excitation 
voltage and the angular velocity signal readout for using a 
combined segmented-non-segmented piezoelectric ring. 

FIG. 9 illustrates the dependency of amplitude and phase 
on frequency for a hemispherical quartz resonator glued to the 
piezoelectric ring. 

DETAILED DESCRIPTION OF THE INVENTION 

Reference Will noW be made in detail to embodiments of 
the present invention, examples of Which are illustrated in the 
accompanying draWings. 
One embodiment of the present invention is a vibrational 

gyroscope With a hemispherical resonator that is stemless. 
The hemisphere is mounted on a piezoelectric ring, for 
example, using glue or epoxy. The ring itself can be manu 
factured from any material that has piezoelectric properties. 
The pole of the hemisphere is positioned directly over the 
opening of the piezoelectric ring. At the same time, the piezo 
electric ring can be unitary, or can be segmented using a 
segmented coating (for example, silver), depending on Which 
vibration mode is chosen, for example, second, third, etc. In 
the case of a segmented ring, each segment of the ring 
receives a voltage to excite the resonator and/ or (in the case of 
closed-loop operation) to control the standing Wave, and, also 
possibly to read out the signal that relates to the angular 
velocity. In the case of a non-segment ring, a single voltage is 
supplied, providing an analog of the parametric excitation. To 
increase accuracy and sensitivity of the signal readout sys 
tem, conventional capacitive sensors can be located near the 
equator of the hemisphere. 

Manufacturing of a stemless hemisphere greatly improves 
the smoothness of the surface of the resonator, easily by a 
factor of 3-5. Furthermore, there is no need for a complex 
process of static and dynamic balancing of the resonator, 
Which is necessary if the hemisphere deviates substantially 
from perfect axial symmetry. Furthermore, Well-known 
manufacturing techniques used in lense manufacture can be 
used as Well, simplifying the process and reducing manufac 
turing cost. 

In order to initiate and sustain excitation of a quartz reso 
nator by using a piezoelectric ring, a voltage on the order of 
about 1 volt is needed. Since the resistance of a piezoelectric 
ring is very high, typically on the order of tens of megaohms, 
the poWer consumption required to keep the resonator in an 
excited state (i.e., vibrating) is a small fraction of a milliWatt, 
on the order of 1/100th of a milliWatt. 
When dissimilar elements, in this case, the piezoelectric 

ring and a quartz resonator, are joined, there is an interaction 
betWeen the vibrating elements, caused by non-conservative 
forces generated When the resonator vibrates in the second 
vibration mode. This leads to an energy dissipation of the 
excitation, in other Words, to a reduction in the Q factor of the 
resonator, and, consequently, to a loss of accuracy of the 
gyroscope. When the third excitation mode is used, this inter 
action is of a conservative nature, and does not lead to a 
signi?cant energy loss or to a reduction in the Q factor. There 
fore, there is no loss of accuracy of the gyroscope’s measure 
ments. Thus, the Q factor of a resonator described herein used 
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in the second vibration mode is on the order of 105, While 
using the third vibration mode, the Q factor is approximately 
3x106. Therefore, the third vibration mode has signi?cant 
advantages over the second vibration mode for the proposed 
device. Furthermore, in the third vibration mode, the imper 
fections in the resonator due to manufacturing tolerances and 
such (in other Words, such imperfections as ellipticity and 
thickness variation of the hemisphere) matter signi?cantly 
less, and these have a smaller effect on the Zero bias drift of 
the gyroscope. 

Since the third vibration mode of the stemless hemisphere 
resonator has considerably higher Q factor, the discussion 
beloW Will be primarily in terms of the third vibration mode, 
although one of ordinary skill in the art Will readily appreciate 
hoW the discussion extends to other vibration modes as Well. 
FIG. 1 illustrates the deformation of a resonator 102 When it 
vibrates in the third vibration mode. The standing Wave has 
six antinodes that are oriented along the axes 1-1‘ 3-3‘ 5-5‘, 
and six nodes oriented along the axes 2-2‘, 4-4‘ and 6-6‘. 

The process of vibrational excitation of the hemispherical 
resonator 102 by using a pieZoelectric ring (see 204 in FIG. 2) 
involves applying a voltage to the pieZoelectric ring, such that 
a load that is evenly distributed along the ring is generated, 
Where the load is created along the inner boundary of the ring. 
The load is given by the equation: 

(1) 

Here, d3 lipiezoelectric modulus of the pieZoelectric ring, 
EniYoung’s modulus of the pieZoelectric ring, Rciaverage 
radius of the pieZoelectric ring, hiaverage thickness of the 
pieZoelectric ring, r:rO+W(6), roiinner radious of the pieZo 
electric ring, W(6)iamplitude of radial deformation, Uiap 
plied voltage. 
A component of the force fl that is directed along the 

direction that is normal to the surface of the hemisphere 102 
(see FIG. 2) can be represented as 

, 

Mn? 

Where R is the radius of the hemispherical meniscus. As a ?rst 
approximation, for a small displacement W, the force can be 
Written as: 

U (2) 
Rro Ww) fw = 

Given that 

Where 6 is the angular coordinate of the hemisphere, and at 
the point of contact betWeen the hemisphere 102 and the ring 
204 can be expressed as 
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Where nithe order of the vibration mode (in this case, n:3), 
WO(J'c/2) is therefore the amplitude of the deformation of the 
resonator 102 at its equator. 

If the voltage applied to the pieZoelectric ring 204 is an AC 
voltage, With a frequency close to the third vibration mode 
UIUO Cos vt, then the dynamic equationi(Equation (3)) of 
the hemispherical resonator Will have the form: 

Where 

here EiYoung’s modulus of the resonator’s material, liro 
tational moment of inertia relative to the axis of symmetry, 
S4cross-sectional area, pidensity of the material of the 
resonator, E4energy loss coef?cient, and 

is the applied force, and IV, VI refer to fourth and sixth 
derivative of the distance With regard to the circumferential 
coordinate. 

Note that the force F0 has a linear dependence on the 
applied voltage U0. When the resonator 102 is not deformed, 
the distributed force (i.e., force caused by residual charges in 
pieZo material) is balanced by the internal tension. When a 
force F0 is applied to the resonator 102, the resonator 102 
begins deforming. It should be noted that the resonator defor 
mation has a speci?c form4each vibration mode has its oWn 
pattern of deformation. The third vibration mode has the 
highest Q factor, since it is energetically favorable. At the 
point Where the resonator is maximally deformed, the applied 
force has a greater value than at the point Where the resonator 
is minimally deformed. In this process, the rigidity of the 
attachment of the hemisphere 102 to the pieZoelectric ring 
204 is important, since it is the rigidity of the glue coupling 
that Will determine the maximum permissible deformation 
amplitude Wmax(6). This is also due to the fact that the third 
vibration mode is the dominant mode in this case. Note that at 
the location Where the hemisphere is mounted on the pieZo 
electric ring, the deformation amplitude of the second vibra 
tion mode is an order of magnitude greater than the deforrna 
tion amplitude of the third vibration mode, and this 
determines the nature of the interaction betWeen the hemi 
sphere and the pieZoelectric ringiWhether it is conservative, 
or dissipative. 

Considering the existence of the boundary conditions for 
the restricted amplitude oscillation described by Equation 3, 
it is possible to ?nd the minimum value of the output voltage 
from the solution of Equation 3, Which represents the angular 
velocity, and its dependence on the parameters of the sensing 
element, Where exceeding that output voltage provides for a 
stable excitation of the resonator, from the condition Foip, 
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Where pII8EI/SpSR44decrement of the damping of the 

resonator, UOml-nz] 8E[/5R3Kman(9), Where KEMId3 lEnRch/ 
roicoef?cient of electro-mechanical transformation of the 
piezoelectric ring, an:(n+1)(rO/2R). 

Thus, the noise level of the excitation curve of the resona 
tor, Which can be seen in FIG. 4 (see dashed line) is de?ned by 
the losses in the resonator (E), the dimensional parameters of 
the resonator (the radius R, rotational moment of inertia I), 
and on the parameter KEM of the piezoelectric ring. 

If a non-segmented piezoelectric ring is used, it is possible 
to excite the resonator and, in this case, control the standing 
Wave, and the signal readout can be done using traditional 
capacitive methods, as shoWn in FIG. 2, and as described, for 
example, in Us. Pat. Nos. 4,951,508, 4,157,041, 3,719,074 
and 3,656,354. FIG. 2 illustrates a general vieW of the sensing 
element (in this case, a quartz hemispherical resonator, 
coupled to a piezoelectric ring), as Well as a schematic of the 
control block 206 used for excitation, standing Wave control 
and angular velocity signal readout. The hemispherical reso 
nator 102 is mounted on the piezoelectric ring 204 close to the 
pole of the hemisphere, such that the small radius rO at the pole 
of the hemisphere is free, due to drilling a hole in the quartz 
hemisphere 102, With the radius r0, Which is equal to the 
radius of the opening 208 in the piezoelectric ring 204. If a 
non- segmented ring is used, the excitation is accomplished by 
supplying a voltage UIUO sin 2J'cft to the piezoelectric ring 
204, Which deforms due to the voltage, thereby applying a 
force F0 sin 2J'cft to the resonator 102. This, in turn, causes the 
third mode of vibration, as discussed above. In this case, the 
control signals are supplied to the capacitive electrodes, such 
as 4', 6', 2', While the signal readout is received from elec 
trodes 2, 6, 4. See also FIG. 5, Which shoWs the connections 
from the electrodes to the control block 206, including the 
drivers/buffers 13, 14, 15, and 16, as Would be Well-under 
stood by one of ordinary skill in the art. 

FIG. 3 illustrates the nature of the deformation When a 
non-segmented ring is used. The advantage of the proposed 
approach is, in part, in removing a source of energy loss of the 
resonator Where the resonator has manufacturing imperfec 
tions. Speci?cally, there is energy dissipation through the 
pole of the hemispherical resonator, Who se vibrational ampli 
tude increases as the geometric mass imbalances increase. 
The energy is dissipated through the coupling of the resonator 
to the piezoelectric ring. An additional advantage of the pro 
posed approach is in a substantial reduction in energy con 
sumption, since conventional quartz resonators use an elec 
trostatic ?eld, Which requires on the order of 600 volts to 
initiate the vibration, and approximately 60 volts to sustain it. 
In the proposed approach, Where a stemless hemispherical 
resonator is used, the piezoelectric effect is used to initiate the 
vibration, and the maintenance of the vibration requires not 
more than one volt. 

FIG. 4 illustrates the dependency of the vibration ampli 
tude on the voltage applied to the piezoelectric ring 204. As 
may be seen from FIG. 4, one volt is suf?cient to maintain a 
stable pattern of vibration in the piezoelectric ring 204. 

FIG. 5 illustrates a schematic used for excitation and con 
trol of the vibration, as Well as for signal readout from a 
segmented piezoelectric ring. As shoWn in FIG. 5, the signals 
are arranged in to groups of three, arranged at 120 degrees. 
The signals supplied to the sectors 1-5-9 excite the third 
vibration mode. The signal picked up from sectors 3-7-11 
represent the response to excitation, and are used to maintain 
the vibration by using positive feedback. The signals supplied 
to sectors 4-8-12 represent the correction signals, Which sup 
press in phase components in the nodes of the standing Wave, 
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Which occur due to imperfections in the resonator manufac 
ture. The same sectors 4-8-12 receive a negative feedback 
signal, When the gyroscope Works in a force rebalance mode. 
The signals received from sectors 2-6-10 represent the useful 
information, and correspond to the angular velocity. These 
signals can be demodulated and averaged for a high signal 
to-noise ratio. 

FIG. 6 illustrates the nature of the deformation When a 
segmented ring is used. In this case, there is no need to use 
capacitive electrodes. This improves noise immunity to exter 
nal electrostatic and electromagnetic ?elds, and also reduces 
the requirements for shielding from external electromagnetic 
?elds, and for high tolerances during the manufacture of the 
housing of the gyroscope (the housing is not shoWn in the 
?gures). Typically, the housing can have a conductive ?lm 
deposited on it. Note also that the distance betWeen the hous 
ing and the surface of the hemisphere should preferably be the 
same, as a function of angular coordinate. 

FIG. 7 illustrates the dependency of the amplitude of the 
vibration of the hemispherical resonator at its equator (mea 
sured using a capacitive electrode) on the voltage applied to 
the corresponding segment of the piezoelectric ring, Which is 
located underneath that electrode. The monotonic (generally 
parabolic) dependency illustrated in FIG. 7 illustrates hoW the 
amplitude of the vibration can be controlled using the applied 
voltage. 

FIG. 8 illustrates a schematic for excitation and controlling 
a combined segmented/non-segmented piezoelectric ring. 
One portion of the piezoelectric ring, the inner portion, is not 
segmented, While the outer portion of the piezoelectric ring is 
segmented. In this case, the non-segmented inner portion of 
the ring is used only to excite the resonator as shoWn in FIG. 
3, and excites the resonator using the forces illustrated in FIG. 
2. To control the standing Wave and to correct the standing 
Wave, the segments are used, as also illustrated in FIG. 5. 
Signal readout from the piezoelectric ring can be done using 
the corresponding segment of the ring, as Well as using the 
additional capacitive electrodes shoWn in FIG. 2. When a 
non-segmented ring is used for excitation, the third vibration 
mode is excited because the voltage that is supplied has a 
frequency that is close to the natural frequency of the third 
vibration mode, as Well as because this mode has a high Q 
factor (for example, compared to the second vibration mode), 
and is therefore energetically favorable. At the same time, 
segments 1, 5 and 9, used in the embodiment of the segmented 
ring, are noW free, and can be used, for example, to correct the 
asymmetry of the amplitude of the standing Wave, Which is 
due to imperfections in the manufacturing of the ring. In the 
case of the embodiment illustrated in FIG. 8, it is possible to 
ensure a high sensitivity to angular velocity, Which is a char 
acteristic of capacitive sensors, and a high signal-to-noise 
ratio, due to the processing of tWo separate signalsia piezo 
electric signal, and a capacitive signal. Furthermore, this pro 
vides an additional independent measurement channel that 
can be used to measure the angular velocity, and can also be 
used to determine failures and gliches in the sensor, for 
example, by comparing the tWo signals. This leads to a gen 
eral increase in the reliability of the gyroscope. 

FIG. 9 illustrates the dependency of the amplitude and 
phase on the frequency of excitation, for the quartz hemi 
spherical resonator that is mounted on a piezoelectric ring 
using glue attachment. Measurements Were normalized by 
dividing all measured values Ub by the maximum value Umax, 
obtained at resonant frequency and represented as a graph 
Ub/Umax versus the excitation frequency. In this example, the 
piezoelectric ring has a diameter of 20 milimeters, While the 
diameter of the quartz hemisphere is 30 milimeters. The 
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opening in the ring has the same diameter as the opening in 
the hemisphere resonator, and both are 4 milimeters. In this 
example, the Q factor of this resonator is 1.2><106, While the 
frequency of the third vibration mode is 13760.7 HZ. 

Having thus described embodiments of the invention, it 
should be apparent to those skilled in the art that certain 
advantages of the described method and apparatus have been 
achieved. It should also be appreciated that various modi? 
cations, adaptations, and alternative embodiments thereof 
may be made Within the scope and spirit of the present inven 
tion. The invention is further de?ned by the folloWing claims. 
What is claimed is: 
1. A gyroscope comprising: 
a non-segmented pieZoelectric ring having a central open 

111%; 
a hemispherical resonator having a central opening and 
mounted over the central opening of the pieZoelectric 
ring so that both central openings are aligned; 

a plurality of electrodes delivering a voltage to the pieZo 
electric ring; and 

a plurality of electrodes mounted on the pieZoelectric ring 
and providing a signal readout that corresponds to angu 
lar velocity. 

2. The gyroscope of claim 1, Wherein the central openings 
have substantially the same radii. 

3. The gyroscope of claim 1, Wherein the plurality of elec 
trodes on the pieZoelectric ring are mounted on a side of the 
pieZoelectric ring facing the hemispherical resonator. 

4. The gyroscope of claim 1, Wherein the hemispherical 
resonator is glued to the pieZoelectric ring. 

5. The gyroscope of claim 1, Wherein the hemispherical 
resonator vibrates in a third vibration mode. 

6. The gyroscope of claim 1, further comprising a plurality 
of capacitive electrodes at nodes and at antinodes of the 
vibration of the hemispherical resonator. 

7. The gyroscope of claim 6, Wherein the capacitive elec 
trodes provide a signal readout that corresponds to the angular 
velocity. 

8. The gyroscope of claim 1, Wherein the pieZoelectric ring 
includes a conductive coating used to conduct excitation volt 
age to the pieZoelectric ring. 

9. A gyroscope comprising: 
a sensing element comprising a hemispherical resonator 

coupled to a pieZoelectric ring; 

15 

20 

25 

30 

35 

40 

10 
a plurality of electrodes delivering a voltage to the pieZo 

electric ring; and 
a plurality of electrodes on the pieZoelectric ring under 

neath the hemispherical resonator and on a side of the 
pieZoelectric ring facing the hemispherical resonator, 
and providing a signal readout that corresponds to angu 
lar velocity, 

Wherein the hemispherical resonator has a central opening 
at a pole of the hemispherical resonator that is positioned 
over the central opening of the pieZoelectric ring and 
substantially aligned With the central opening of the 
pieZoelectric ring, and 

Wherein the pieZoelectric ring includes an outer segmented 
portion and an inner non-segmented portion. 

10. The gyroscope of claim 9, Wherein the inner non 
segmented portion is used to excite the resonator into a vibra 
tion mode, and the outer segmented portion provides a read 
out signal and is used to adjust the vibration of the resonator. 

11. The gyroscope of claim 9, Wherein the hemispherical 
resonator is glued to the pieZoelectric ring. 

12. The gyroscope of claim 9, Wherein the hemispherical 
resonator vibrates in a third vibration mode. 

13. The gyroscope of claim 9, Wherein a coupling betWeen 
the hemispherical resonator and the pieZoelectric ring is sub 
stantially lossless. 

14. The gyroscope of claim 9, further comprising a plural 
ity of capacitive electrodes at nodes and at antinodes of the 
vibration of the hemispherical resonator. 

15. A gyroscope comprising: 
a non-segmented pieZoelectric ring having a central open 

111%; 
a hemispherical resonator having a central opening and 
mounted over the central opening of the pieZoelectric 
ring so that both central openings are aligned, and 

Wherein a coupling betWeen the hemispherical resonator 
and the pieZoelectric ring is substantially lossless; 

a plurality of electrodes delivering a voltage to the pieZo 
electric ring and mounted on a side of the pieZoelectric 
ring facing the hemispherical resonator; and 

a plurality of capacitive electrodes mounted at nodes and at 
antinodes of vibration of the hemispherical resonator, 
and providing a signal readout that corresponds to angu 
lar velocity. 


